This study was an investigation into the application of the infrared thermal imaging technique (IRTIT) to evaluate transpiration cooling performance through a porous wall. Two typical infrared thermograph systems, the AGA 782 short-wavelength system and the VARIOSCAN 3021 long-wavelength system, were employed to demonstrate the availability of the IRTIT measurement. In comparison with general infrared apparent temperature measurement, several factors that influence measurement accuracy need to be addressed in the application of the IRTIT in the region of transpiration cooling on the porous surfaces of turbine components. In this article, the influence of these factors on measurement accuracy is discussed, the corresponding calibration methods of the two infrared systems are described, and the ambient conditions and stability of the measurement are analyzed. A porous circular tube was used as a specimen. The tube consisted of sintered chromium-nickel steel with a porosity of 21%. The experiment was carried out in the hotgas wind tunnel at the Institute of Thermal Turbomachinery at
An increase in the thermal efficiency and specific power of gas turbine systems can be achieved through higher turbine inlet temperature, but as the inlet temperature increases, material limits, such as the creep and failure of turbine components, are of great concern. Thus, it is very important to improve cooling methods.
In the development of cooling methods, experiments are important. The measurement techniques used in film-cooling investigations can be classified into two groups. In the first group, coolant is injected at a temperature different from mainstream temperature, and surface temperature is measured directly. For example, Nirmalan and colleagues (1998) used a series of thermocouples installed in grooves on the exterior surface of the test vane, and colleagues (1997a, 1997b) employed the transient liquid crystal imaging method. In the second group, tracer gas is fed into the mainstream field, the concentration of tracer gas is measured, and the cooling effect is indirectly obtained through the analogy of heat and mass transfer; the ammonia-diazo method developed by Friedrichs and colleagues (1997) and the widely used naphthalene sublimation technique are two successful instances. But these techniques are not suitable for porous-surface cooling because various coating techniques and a large number of thermocouples will lead to a change in the permeability of the porous wall. Therefore, the infrared thermal imaging technique (IRTIT) is an important method for measuring the transpiration cooling on a porous surface.
Using the IRTIT to survey the effect of turbine components is not a new idea. In recent years, the application of the IRTIT in various investigational aspects has been reported by a number of researchers (Boyle et al., 2001; Martiny et al., 1995; Sargent et al., 1998; Scherer et al., 1991; Schmidt et al., 1996; Sweeney and Rhodes, 2000) . In comparison with these measurements, the application of the IRTIT in transpiration cooling involves several new factors. This study attempts to provide a comprehensive 154 J. H. WANG ET AL.
reference for the application of the IRTIT to estimate transpiration cooling performance for the researchers of transpiration cooling techniques and for subsequent research work, which is presented in Part II.
EXPERIMENTAL SETUP

Wind Tunnel
The hot-gas wind tunnel in the Institute of Thermal Turbomachinery at the University of Stuttgart is shown schematically in Figure 1 . The calibration tests presented in Part I and the cooling performance comparison experiments presented in Part II of this article were carried out in this wind tunnel. Atmospheric air was injected into the wind tunnel by an air compressor. The air was heated by a resistance heater with a power of 200 kW, and the maximum allowable temperature of the wind tunnel was 300
• C. The test section following a contraction section (12:1 area ratio) was 112 mm across ×52 mm high ×1400 mm long. The turbulence in the test section was reduced by two fine filters and a honeycomb upstream of the contraction section. The free-stream temperature at the inlet of the test section could be kept constant by a digital control system (the maximal tolerance of a given level being ±1 K). Two different cooling media could be supplied-a gaseous coolant at atmospheric temperature from a vessel with a pressure of 10 bar or distilled water from the power plant at the University of Stuttgart. A water pump and a pressure control system were employed to control the water flow rate. A PC-based ac-
FIGURE 1
Schematic of hot-gas wind tunnel. quisition system was connected with the measurement sensors. The temperature and dynamic pressure distributions across the test section at the inlet and exit of the test section were measured with thermocouples and Prandtl probes. The static pressure distribution along the test section was surveyed by using a pressure scanner. There were three infrared-transmissible windows, each with a screen size of 25 × 70 mm 2 in the test section. Through the three windows, the leading and trailing stagnation regions and the side surface of the specimen could be surveyed.
Porous Specimen and Cooling Configuration
Circular or semicircular cylinders are often used to simulate the leading region of turbine blades in the investigations of film cooling. For example, Bonnice and L'Ecuyer (1983) used a circular cylinder with several rows of span-wise injection holes to study the cooling nature of leading stagnation region; Karni and Goldstein (1990) employed a circular cylinder with one row of inclined holes to research the effect of surface injection on local mass and heat transfer; Mehendale and Han (1992) adopted a blunt body with a circular leading edge to evaluate the effect of free-stream turbulence on the film-cooling effectiveness and surface heat transfer coefficient; and Ekkad and colleagues (1998) used a circular cylinder to investigate the influence of free-stream turbulence and coolant density on film cooling.
In this study, a further attempt was made to simulate the transpiration cooling performance in the leading, side, and trailing regions of a turbine blade, using a tube as a specimen. The tube
FIGURE 2
Air permeability of porous material.
had a height of 52 mm, a diameter of 36.5 mm, and a thickness of 3.5 mm. The smallest, the most effective, and the largest pore diameters of the porous material were 4 µm, 6 µm, and 11 µm, respectively. Figure 2 illustrates the characteristic line of pure-air permeability. Figure 3 shows the cooling configuration. A core with four coolant chambers was installed into the porous tube. The chambers stood at the leading line, at ±45 degrees from the leading line and trailing line. Several closed sealings were used to control the coolant injected to flow into the desired regions. If the chambers at the leading and trailing lines were supplied with coolant, the nature of the cooling in the corresponding regions was similar to that of the leading and trailing regions of a turbine blade; when the chambers at ±45 degrees from the leading line were injected, the cooling effect was similar to that of the curvature of the suction surface of a turbine blade.
Infrared Scanner
AGA 782 is a short-wavelength infrared system. Its receiving wavelength ranges from 3 µm to 5.6 µm, with a 0
• C to 1000
• C measurement range and an image array of 127 × 127. VARIOSCAN 3021 is a new product with a long-wavelength detector ranging from 8 µm to 12 µm. Its measurement range, as provided by the manufacturer (InfraTec GmbH), is −40
• C to 1200
• C, with an image array of 360 × 240. AGA 782 system
FIGURE 3
Cross-section of the specimen.
can provide a digital block file of pixel-by-pixel gray-scale levels, namely video signal, whereas VARIOSCAN 3021 directly provides output of temperature distribution. The benefits of the latter are digital focus and higher geometrical and thermal resolution. The detectors of the two systems have to be cooled with liquid nitrogen.
FACTORS INFLUENCING OF MEASUREMENT
The infrared measurement technique has two advantages over traditional temperature measurement methods. First, a twodimensional infrared thermal image can provide complete information regarding temperature and space. The second benefit is that it is a nonintrusive measurement. But the application of the IRTIT in the transpiration cooling of turbine component concerns some new factors.
Material of Infrared Transmissible Windows
In general, most cooling experiments involving gas turbine components are carried out in hot-gas wind tunnels. Thus, the IRTIT requires an infrared-transmissible window in the test section at least. The following materials were used as the infraredtransmissible windows:
1. Sapphire; it is one of the hardest materials and can provide good transmission characteristics over the visible and nearinfrared spectrum (wavelengths 300 nm to 4.5 µm). Its average refractive index is about 1.77. Martiny and colleagues (1995) and Wittig and colleagues (1996) used this material as infrared transmissible windows. 2. Zinc selenide; it can transmit infrared radiation from 500 nm to 15 µm. Its average refractive index of 2.4 results in a reflection loss of 17% per surface. Coating is available to reduce the loss, but the coated windows have to be cooled because the maximum temperatures of coating materials are usually lower than the temperatures of test operation. Sweeney and Rhodes (2000) and Boyle and colleagues (2001) employed coated zinc selenide windows. 3. Calcium fluoride; this crystal provides very good transmission (about 90%) in the range of 150 nm to 8 µm. Its low refractive index of 1.4 eliminates the need for antireflection coating. The view window used by Scherer and colleagues (1991) was made of this material.
These three materials influence measurement data at different levels. Figure 4 illustrates their optical natures; Table 1 compares their mechanical natures. For short-wavelength infrared systems, sapphire is preferable because its mechanical nature is better than that of calcium fluoride, and its optical natures are better than those of zinc selenide. For long-wavelength infrared systems, zinc selenide can be used, but there are larger reflective losses. In this experiment, the infrared-transmissible windows were made of calcium fluoride. The windows had the best optic natures, but their lower thermal conductivity and higher thermal
FIGURE 4
Infrared transmissibility of calcium fluoride, sapphire, and zinc selenide for a window with a thickness of 2 mm. expansion had to be considered in the design of the window and frame. Gaussorgues (1989) indicated that metals obey Lambert's law for incidence angles between 0 and 40 degrees and dielectric laws between 0 and 50 degrees. The temperature measurements of objects that obey Lambert's law can yield the same value in all directions of observation. At larger angles, the emissivity received by an infrared detector falls rapidly, and measurement temperature is much lower than the true temperature. In order to obtain an accurate result, the measurable range of the porous circular tube used in the test must be determined by a pilot test.
Influence of Position and Shape
In this pilot test, the tube was heated in a homogeneous temperature field and the temperature distribution was measured, using the VARIOSCAN 3021 system, from the two angles, as shown in Figure 5 . Figure 6 is the thermal image captured from position 1; Figure 7 is the image from position 2. In these images, the temperature distribution on the tube's surface is illustrated by different colors. The white horizontal lines in the two figures indicate the circuits on which temperature distributions are presented below the tube, and the temperatures are illustrated Melting point 2055 Figure 6 and is the leading line in Figure 7 . Theoretically, the circular tube was at a uniform temperature but, as shown in the figures, the temperature distributions on the circuits were not uniform. Based on the pilot test, the following three conclusions can be drawn:
1. When the infrared scanner was set at position 1, in the range extending from the tube's axis to 43 degrees, the apparent temperature measurements were not influenced by the position of the infrared scanner and the shape of the substance; in the region of ±43 to ±62 degrees, apparent temperatures were slightly lower than their true values (by about 2%); and at larger angles the apparent temperatures fell rapidly. 2. When the infrared scanner was set at position 2, the distortion of image led to a lack of theoretical symmetry: temperature distribution was not symmetrical with the leading line of the specimen. In the ranges of 23 and 35 degrees from the leading line, the measurement results of the IRTIT were believed to be accurate. 3. In the application of the IRTIT, the position of the infrared scanner and the shape of the substance are important factors. Although neglected in many published papers, this factor should be considered.
FIGURE 5
Position of infrared scanner for measurement.
In the further experiments, temperature measurements were carried out through the three windows. The corresponding viewing angles were 0 and ±60 degrees. Thus this pilot test could provide a reference for the additional experiments by determining the region for the calculation of the average cooling effect and of the position of calibration of the thermocouple.
Stability of Measurement
A test of the stability of IRTIT measurement was conducted in the wind tunnel. The temperature of a pixel was traced through 40 frames of thermal images that were captured using
FIGURE 6
Identification of an exact measurement range from position 1, as shown in Figure 5 .
FIGURE 7
Identification of an exact measurement range from position 2, as shown in Figure 5 .
VARIOSCAN 3021 under a constant condition. Thus, the stability of measurement data was independent of the position, the surrounding, and the infrared window. Figure 8 shows the probable density distribution of the temperatures traced. This probability could be expressed as a normal distribution
where T is the temperature, P is the probability density, a is the mean temperature, and σ is the corresponding deviation of this measurement event. Equation (1) was written as:
FIGURE 8 Stability of measurement data.
where P e is logarithm P. A 1 , A 2 , and A 3 were fitted by using the least squares root. The averaged temperature and the corresponding deviation of this measurement event were 200.45
• C and 0.2
• C, respectively. The infrared measurement was stable enough for this experimental investigation. The stability depended on the performance of the infrared measurement system. The measurement deviation of the AGA 782 system was larger than that of VARIOSCAN 3021 in the same condition because the VARIOSCAN 3021 system had high thermal and geometric resolution.
The means of averaging images is available to obtain a more stable result. In Part II of this article, all measurement results were acquired in 20 frames of instantaneous thermal images.
The Effect of Emissivity on Thermography
A black body can give an excellent measurement, but the result will be poor when the emissivity is low, and the infrared measurement is impossible for the highly reflecting materials whose self-emission is close to nil. This is why the measured surfaces were artificially blackened in the references mentioned above. In this test, the artificial coating method was not used, and the infrared measurement was conducted directly on a gray body surface. If the emissivity of the gray body surface is known and is large enough to be detected by an infrared measurement system, the surface can be directly measured.
In order to evaluate the emissivity, a fine thermocouple with a diameter of 0.5 mm was installed into the wall of the tube, as shown in Figure 9 . The thermocouple was movable and could be pushed forward as close as possible to the outside of the specimen. The infrared scanner was placed at position 1, as shown in Figure 5 , where the measurement data of the IRTIT were not influenced by the shape of the material. The surface emissivity
FIGURE 9
Position of thermocouple.
was rectified so that the temperature measured using the infrared method was identical to that using the thermocouple at the same point. This final value was seen as being the emissivity of the porous surface; it ranged from 0.91 to 0.94 and was sufficient for the infrared measurement without coating.
Influence of Ambient Condition
It is relatively difficult to describe the influence of ambient radiation on a circular tube with a simple formula because at each point on the circular surface, the influence level of the ambient radiation is different. Thus, in many studies the inside and the outside of test sections were coated with a flat black paint to reduce reflected thermal energy and to minimize the straying of thermal energy into the detector. However, in this experiment, the coating process was eliminated; an important argument for this decision was that the cooling effect defined and used in this test is a different concept.
Assuming that the ambient condition in the cooling process was kept constant, the influence of the ambient condition on the cooling effect could be negligible. The error due to this assumption will be discussed later.
CALIBRATION OF MEASUREMENT DATA
Thermography is a technique of recording phenomena associated with the spatial distribution of heat on an object. Thermographic equipment can transform an infrared image into a visible image that can be expressed as a gray-scale level. In this experiment, the image was transmitted by a video signal, which can be recorded in the form of an analogue voltage or a current and must be processed to yield a temperature distribution over the scene in an exponential relationship:
where t cn is the centigrade temperature of the black body image, and a and b are two constants that are dependent upon the objective and on the aperture and spectral filter employed. The influence factors of the infrared transmissible window, the shape, and the surface emissivity were not considered in Equation (3), so it was necessary to calibrate the data obtained by the infrared measurement. The thermal images of the two infrared systems can provide complete information regarding temperature and the corresponding pixel number, but because the data block file AGA 782 system outputs gray-scale level G, and the VARIOSCAN 3021 system produces direct temperature T (Equation 4), the measurement data were calibrated using different methods for each of the two systems.
The calibration tests were carried out in the hot-gas wind tunnel, so this calibration included surface emissivity and window transmission, but not the influence of ambience and stability. The relative positions of the infrared scanner and the specimen were the same as position 1 and position 2 in Figure 5 .
FIGURE 10
Relationship between gray-scale level and temperature.
1. The input value of the emissivity was adjusted to rectify the output of the infrared system until the output was identical to the temperature measured by thermocouple at the same point. This calibration method is usable for both infrared measurement systems. 2. The relationship of the gray-scale level G and the true temperature T was established. Steady-state calibration data were acquired from the mid window with a 0 • viewing angle under various free-stream temperatures. The thermal level, thermal range, and aperture in this test were 136, 200, and 2.5, respectively. As shown in Figure 10 , the relationship seems to be nearly linear. Stetter and colleagues (2000) suggested using linear relation
to fit this relation, where a and b could be calculated using the least square root. The error resulting from this approach was less than ±3
• C in this test. 3. The relationship between the temperature obtained using the infrared system Tir and the thermocouple Tth was established. Figure 11 illustrates the measurement point relationship of Tir and Tth acquired from the mid window. If the data
FIGURE 11
Relationship between infrared measurement and thermocouple. points were substituted for a linear relationship, the maximal error in this approach was less than ±2
• C. As shown in Figure 11 , Tir is always lower than Tth, and the difference between them increases with temperature.
From different viewing angles, these calibration lines are different. Thus, the same experiments were carried out through the other windows of the wind tunnel.
COOLING EFFECT
In most studies of film cooling, film effect is characterized with an adiabatic wall temperature and a heat-transfer coefficient on the hot flux side. However, it is impossible to create an adiabatic wall condition on a metal surface, so in the references associated with the application of the IRTIT, the cooling effect
was usually used. T ∞ , T cw , and T c are the temperatures of the free stream, the cooled wall, and the coolant, respectively. This definition is suitable for evaluating the cooling effect of a flatplate specimen, but in this test a circular tube was used as the specimen. Thus, the following two concepts were defined and used to describe the local and average cooling effect on the circular specimen's surface:
where T iw , T cw , T c , and T ∞ are the initial wall temperature when no coolant had been injected and the temperatures of the cooled wall, the coolant, and the free stream, respectively, and A is the area. The η loc and η avg differ from the η in Equation (5) because in the uncooled case, η loc and η avg are zero, but the latter is not zero.
In the cooling process, the ambient influence on T iw and T cw could be seen to be identical. In the temperature drop from T iw to T cw , this influence could be neglected, thus the surface coating on the test section could be eliminated in this test. The error resulting from this assumption could be examined by means of the following test.
The examination was carried out at a mainstream temperature of 240
• C. Figure 12 shows two thermal images that were captured using the function of the on-line temperature difference of the VARIOSCAN 3021 system. The same reference background was recorded for the two measurements when no coolant had been injected. The top image illustrates the difference between two random measurements under the same conditions, namely, without coolant injection. The bottom image shows the difference between the cases-without and with coolant injection from the pores in the trailing region. In the two images,
FIGURE 12
Examination of effect of ambience on tube's surface through measurement of temperature differences.
the largest temperature differences occurred on the window's frame. The unstable effect of the edge radiation on the frame caused the largest temperature differences. On the tube's surface, in the uncooled case, the temperature differences were less than ±1 K; when coolant was injected into the trailing region chamber at a small rate, it could be found that in the region that was not cooled, the temperature differences were less than ±1 K. This examination demonstrated that the relative error due to the ambient condition approach was less than ±1% in this test.
SUMMARY AND DISCUSSION
The IRTIT is the most effective method for evaluating the performance of porous transpiration cooling. After experiments and analysis, it can be said that in a measurement event, the true temperature is influenced by the transmission of infrared material, the position of the infrared scanner, the surface emissivity of porous material, the stability of the infrared system, and the ambient condition. Thus, the relationship between the temperature measured, T m , using the IRTIT and the true temperature, T t , may be expressed as
